To further study mechanisms of coping with osmotic stress-low water activity, mutants of Staphylococcus aureus with transposon Tn917-lacZ-induced NaCl sensitivity were selected for impaired ability to grow on solid defined medium containing 2 M NaCl. Southern hybridization experiments showed that NaCl-sensitive mutants had a single copy of the transposon inserted into a DNA fragment of the same size in each mutant. These NaCl-sensitive mutants had an extremely long lag phase (60 to 70 h) in defined medium containing 2.5 M NaCl. The osmoprotectants glycine betaine and choline (which is oxidized to glycine betaine) dramatically shortened the lag phase, whereas L-proline and proline betaine, which are effective osmoprotectants for the wild type, were ineffective. Electron microscopic observations of the NaCl-sensitive mutant under NaCl stress conditions revealed large, pseudomulticellular cells similar to those observed previously in the wild type under the same conditions. Glycine betaine, but not L-proline, corrected the morphological abnormalities. Studies of the uptake of L-[
It is believed that staphylococcal gastroenteritis is a leading cause of food-borne illness (18, 20) . The disease is classified as a food-borne intoxication. Staphylococcus aureus proliferates in food and releases one or more heat-stable enterotoxins. Because staphylococcal food poisoning is not an officially reportable disease (it is estimated that only 1 to 5% of cases are reported in the United States), it is difficult to get an exact estimate of its incidence.
One of the distinguishing characteristics of S. aureus is its considerable tolerance of NaCl, and inclusion of high concentrations of NaCl in media makes them selective for S. aureus (8) . The significance of this in the context of food-borne disease was elegantly summarized by Troller (42) . S. aureus is the only food-borne bacterial pathogen that is routinely capable of growth at water activity (a w ) levels below 0.90 (2.6 M NaCl) (high osmotic strength). The organism is a relatively poor competitor with other bacteria in food, but at lower a w , growth of other bacteria is suppressed while that of S. aureus is not. Indeed, salt-cured ham (3.5% NaCl) caused 24% of the outbreaks of staphylococcal food poisoning reviewed by Holmberg and Blake (18) . There is potentially practical value in understanding the mechanisms utilized by S. aureus to grow in highosmolarity-low-a w environments.
When a bacterium is subjected to osmotic stress, such as by being inoculated into a high-osmotic-strength medium, it responds by rapid accumulation of compatible solutes (11, 13) . Accumulation of compatible solutes by S. aureus in response to hyperosmotic stress has been examined in some detail over the past 5 years. Transport systems for glycine betaine (4, 32, 39) and proline (5, 41) are activated, choline transport is induced (23) , and glycine betaine and proline accumulate in high concentrations (14, 24, 29) .
Bacteria also initiate a program of gene expression in response to osmotic and/or ionic stress by high NaCl concentrations, for example, which is manifested as a set of proteins produced in increased amounts in response to the stress (44) . Limited attention has been paid to alterations in gene expression occurring in response to NaCl stress in S. aureus. Qoronfleh et al. (33, 34) investigated the S. aureus heat shock response by using L- [ 35 S]methionine labeling and sodium dodecyl sulfate-polyacrylamide gel electrophoresis and reported that most of the 12 or so heat shock proteins were also induced by high NaCl concentrations. By using stained one-dimensional gels, Armstrong-Buisseret et al. (3) identified four proteins produced in increased amounts in NaCl-grown S. aureus. The gene encoding a 25-kDa protein was cloned and sequenced and shown to encode a homolog of a subunit of enteric bacterial alkyl hydroxyperoxide reductase, which is a part of the oxidative stress response system in these bacteria. The stress protein response in gram-positive bacteria has been much more intensively studied in Bacillus subtilis than in S. aureus. NaCl stress induces B. subtilis to produce a set of general stress proteins under the control of an alternative sigma factor, B (16) .
Microorganisms present in food may be stressed by a variety of physical or chemical conditions used in food processing that may injure the organisms but not kill them (19, 38) . On nonselective agar media, injured cells repair the damage and grow but are unable to grow on selective media, which impose additional stress. For example, in heat-treated S. aureus, injured cells are defined as those able to grow on tryptic soy agar but not tryptic soy agar containing 7.5% (wt/vol) NaCl (21) . Thus, microbial injury can lead to failure to detect a food-borne pathogen or underestimation of its numbers. Damage to a variety of systems has been described in injured bacteria (19, 22) , including membrane permeability properties, ribosomes, chromosomes, and enzyme and transport activities. However, as pointed out by Farber and Peterkin (12) , much more work is needed in the area of heat-and/or stress-induced injury.
In the present study, we created some NaCl-sensitive S. aureus mutants to gain further insights into the osmoregulatory mechanisms of S. aureus and potential lesions in injured cells.
MATERIALS AND METHODS
Bacterial strains and culture conditions. NaCl-sensitive mutants were derived from S. aureus ISP2018, a derivative of strain RN450 containing plasmid pTV32, obtained from Peter A. Pattee. S. aureus 8325 and RN450 (8325-4; no prophage) were used for comparison in physiological experiments. All strains were maintained on tryptic soy agar (Difco) plates (for NaCl-sensitive mutants, the plates contained erythromycin at 20 g ml Ϫ1 ) at 4°C. Organisms were grown in tryptic soy broth or the defined medium described by Townsend and Wilkinson (41) . Cells were grown with shaking (200 rpm) at 37°C in 300-ml nephelometer flasks containing 50 ml of medium. A 2% (vol/vol) inoculum from an overnight culture in defined medium was the standard inoculum. When required, erythromycin at 20 g ml Ϫ1 and osmoprotectants at a final concentration of 1 mM were used. Growth was measured turbidimetrically by measurement of optical density at 580 nm (OD 580 ) with a Spectronic 20 (Bausch & Lomb, Rochester, N.Y.). CFU were determined by plating suitable dilutions on tryptic soy agar plates. Colonies were counted after incubation at 37°C for 24 to 36 h. Growth experiments were performed four times, and the results presented are those of representative experiments.
Transposon mutagenesis and screening for NaCl-sensitive mutants. Transposon Tn917-lacZ is a 5.4-kb transposon encoding macrolide, lincosamide, and streptogramin resistance that is present in plasmid pTV32, which has a chloramphenicol resistance marker outside the transposon and a temperature-sensitive replicon, so that transposition can be forced to occur at 43°C. To select transposition events, strain ISP2018 carrying plasmid pTV32 was grown on defined medium at 43°C in the presence of erythromycin. Erythromycin-resistant colonies were scored for NaCl sensitivity by patching them onto defined-medium plates with and without 2 M NaCl. Colonies unable to grow on plates containing 2 M NaCl were designated NaCl-sensitive mutants. Four thousand erythromycinresistant colonies obtained in four transposon-induced mutagenesis experiments were scored for NaCl sensitivity. The results presented here were obtained with one of the NaCl-sensitive mutants, designated SS20. Similar results were obtained with the other NaCl-sensitive mutants examined.
Southern blot analysis. Chromosomal DNA was isolated from NaCl-sensitive mutants and strain RN450 as described earlier (26) 14 C]proline in response to osmotic upshock in defined medium was measured as described by Kaenjak et al. (23) and Townsend and Wilkinson (41) . Briefly, mid-exponential-phase cells (OD 580 , 0.4) were harvested and resuspended in a small volume of defined medium. This was used to inoculate defined medium containing a radiolabeled substrate with and without 2 M NaCl. Samples were taken at intervals for measurement of OD 580 and uptake of radioactivity by membrane filtration and scintillation counting.
Pool extraction and analysis. The solute pool fraction was obtained by extracting cells with 5% (wt/vol) trichloroacetic acid as described by Graham and Wilkinson (14) . Potassium was determined by inductively coupled plasma atomic emission spectrometry (30) . Amino acid analysis was carried out by the highperformance liquid chromatography method of Schuster (37) . 13 C nuclear magnetic resonance (NMR) spectroscopy was carried out as described by Amin et al. (1) . Labeling of proteins induced by NaCl stress. To label NaCl-induced proteins, defined medium was constituted with 68.3 mM D-glucose instead of glycerol to decrease the baseline expression of stress proteins (16, 33) . Twenty-five milliliters of defined medium was inoculated with an overnight culture of S. aureus and grown at 37°C to the mid-exponential phase (OD 580 , 0.4). The cells in 0.5 or 1 ml of medium were recovered by microcentrifugation and washed once with an equal volume of defined medium lacking methionine. Washed cells were resuspended in methionine-free defined medium containing either no NaCl, 2 M NaCl, or 2 M NaCl and 1 mM glycine betaine. Each group of cells was transferred to a 10-ml tube and allowed to equilibrate at 37°C for 5 min, after which 5. ; ICN) ml Ϫ1 was added. Cells stressed with 2 M NaCl with and without 1 mM glycine betaine were labeled for 1 h at 37°C. Unstressed cells (no NaCl) were labeled for 5 min at 37°C. Labeled cells were recovered by microcentrifugation and resuspended in an equal volume of cold acetone for 15 min. Acetonetreated cells were recovered by microcentrifugation. Supernatant was decanted, and the pellet was allowed to air dry. S. aureus cells were lysed by incubation at 37°C in 0.05 M Tris-HCl, pH 7.5, containing 0.145 M NaCl and 0.25 mg of lysostaphin ml Ϫ1 until lysis became visibly apparent. Incorporation of L-[ 35 S]methionine into trichloroacetic acid-insoluble protein was quantitated by the method of Berg et al. (6) .
Two-dimensional gel electrophoresis. We subjected protein samples to twodimensional gel electrophoresis in accordance with the procedure of Hochstrasser et al. (17) by using a Bio-Rad Protein II xi 2-D cell. First-dimension isoelectric focusing gels were loaded with equal sample volumes which contained 500,000 cpm of trichloroacetic acid-insoluble protein and 100 g of unlabeled total protein from a similarly treated, unlabeled sample. Total protein was determined by using the Bio-Rad DC Protein Assay reagents with bovine serum albumin fraction V as the standard. Second-dimension slabs were 12.75% acrylamide-1.25% N,NЈ-bis-methylene-acrylamide continuous gels without sodium dodecyl sulfate. The 14 C-labeled protein molecular mass standards lysozyme (14.3 kDa), carbonic anhydrase (30.0 kDa), ovalbumin (46.0 kDa), bovine serum albumin (66.0 kDa), phosphorylase b (97.4 kDa), and myosin (220.0 kDa) (Amersham) were loaded in the reference lane of each second-dimension gel. Following electrophoresis, the gels were fixed with 30% ethanol-10% acetic acid, dried onto filter paper, and exposed to Kodak Biomax MR film for 65 h at room temperature.
Electron microscopy. Samples were examined by transmission electron microscopy as described by Vijaranakul et al. (43) .
Molecular genetic procedures. DNA isolation, oligolabeling, and Southern blotting were performed as described by Novick (31) and Sambrook et al. (36) . All enzymes were used in accordance with the manufacturer's specifications.
RESULTS

Analysis of Tn917-lacZ insertion in NaCl-sensitive mutants.
The chromosomal DNAs of strain RN450 and NaCl-sensitive mutants were isolated and analyzed by Southern blotting by using Tn917 as the probe. The probe hybridized to a single 17.7-kb EcoRI fragment and to both 10-kb and 8-kb HindIII fragments in each of the mutant DNA isolates digested with either EcoRI or HindIII (Fig. 1) . The probe did not hybridize with RN450 chromosomal DNA. This result indicated that NaCl-sensitive mutants contain a single copy of Tn917 inserted in a DNA fragment of the same size in all of the mutants.
It has been reported that the insertion of Tn917 is random in the bacterial genome. Whether nine NaCl-sensitive mutants isolated in four independent experiments having the Tn917 insertion within same-size fragments are due to a hot spot or inadvertent sibling selection in the experiment remains to be determined.
To prove that the NaCl-sensitive phenotype was due to transposon insertion, we mobilized the erythromycin marker from the mutants into another strain by using phage 11. Analysis of the erythromycin-resistant transductants revealed NaCl sensitivity, indicating that insertion of the transposon is responsible for the salt-sensitive phenotype.
Growth and survival under NaCl stress conditions. In defined medium containing 2.5 M NaCl, the mutant showed a very long lag phase of 60 to 70 h compared to the 6 h of the parent strain (Fig. 2) . When growth did resume, the rate and final culture turbidity achieved were similar to those of parent strain RN450. In contrast, no difference in growth pattern was observed between these two strains under unstressed conditions (defined medium alone). Estimation of the viability of lag-phase cells by determining CFU indicated that there was no wholesale loss of viability of the NaCl-sensitive mutant during the long lag phase. The cells that eventually grew retained erythromycin resistance and did not appear to be revertants to NaCl insensitivity, suggesting that the reversion frequency is negligible. When SS20 cells growing exponentially in defined medium containing 2.5 M NaCl were inoculated into medium containing 2.5 M NaCl, the culture grew without a lag. However, if the cells were first grown in defined medium alone, they again showed a long lag phase in medium containing 2.5 M NaCl.
In complex medium (tryptic soy broth) containing 2.5 M NaCl, the mutant showed a significantly slower growth rate, lower maximum OD 580 values, and a slightly longer lag phase than the parent strain grown under the same conditions (data not shown).
Influence of osmoprotectants on growth of the NaCl-sensitive mutant in high-NaCl medium. Various osmoprotectants are known to stimulate the growth of S. aureus in high-osmoticstrength media. It was of interest to study the effects of these compounds on the growth of the NaCl-sensitive mutant in high-NaCl medium. First, the influence of several osmoprotectants on the growth of strain RN450 in defined medium containing 2.5 M NaCl was determined. In accord with previous findings (1, 43) , glycine betaine, choline, and proline betaine were highly effective osmoprotectants, with similar potencies, as evaluated by their effects on growth rate and maximum culture turbidity, whereas L-proline was a somewhat weaker osmoprotectant, and taurine had markedly lower activity (data not shown). When this experiment was carried out with the NaCl-sensitive mutant, strikingly different results were found (Fig. 3) . Glycine betaine reduced the lag phase from 60 to 12 h, and the exponential growth rate of the culture was similar to that of strain RN450 in the presence of 2.5 M NaCl and glycine betaine. Choline, which is oxidized to glycine betaine (23) , stimulated the growth rate like glycine betaine; however, the cells exited the lag phase about 6 h later than with glycine betaine, which is probably explained by the necessity to induce the choline transport system (23) . Proline betaine and L-proline had very little osmoprotectant activity for the NaCl-sensitive mutant, even less than taurine. These observations demonstrate a qualitative difference in the potencies of the different osmoprotectants, with glycine betaine (or its precursor choline) being able to rescue the NaCl-sensitive mutant.
Electron microscopic observation of the NaCl-sensitive mutant under NaCl stress conditions. Previous studies (43) with strain RN450 showed that growth in defined medium containing high NaCl concentrations led to large, pseudomulticellular cells and that the morphological abnormality was corrected by inclusion of glycine betaine, but not by inclusion of L-proline, in the medium. Cells of SS20 were grown to the exponential phase in defined medium with and without 2.5 M NaCl with and without 1 mM glycine betaine or 1 mM L-proline were examined by transmission electron microscopy. Under NaCl stress conditions, the NaCl-sensitive mutant showed an even 
FIG. 2. Growth of S. aureus RN450 and SS20
, an NaCl-sensitive mutant, in defined media with and without 2.5 M NaCl. Symbols: E and ᮀ, RN450 and SS20, respectively, in defined medium; F and s, RN450 and SS20, respectively, in defined medium containing 2.5 M NaCl.
FIG. 3.
Influence of osmoprotectants on the growth of NaCl-sensitive mutant SS20 in defined medium (E) or defined medium containing 2.5 M NaCl plus glycine betaine (ᮀ), L-proline (Ç), no added substance (F), choline (s), proline betaine (å), or taurine (ç). more extreme pseudomulticellular appearance, with suppressed separation of daughter cells (Fig. 4A) , than previously observed with strain RN450 (43) . Addition of glycine betaine reversed this effect (Fig. 4B ), whereas addition of proline did not (Fig. 4C) .
Osmoregulation of the NaCl-sensitive mutant. (i) Uptake of L-[
14 C]proline and [ 14 C]glycine betaine upon hyperosmotic stress. Because accumulation of compatible solutes is a critical aspect of bacterial adaptation to NaCl stress, various aspects of osmoregulation were compared in the NaCl-sensitive mutant and the wild type. More specifically, the experiments described above raised the possibility that the mutant was defective in proline and proline betaine accumulation. Accordingly, the uptake of L- 14 C]proline with and without 2 M NaCl. Cell-associated radioactivity was determined at intervals by membrane filtration and scintillation counting. The values shown are means of three separate experiments. Symbols: E and F, SS20 in the absence and presence of 2 M NaCl, respectively; ᮀ and s, RN450 in the absence and presence of 2 M NaCl, respectively.
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and the NaCl-sensitive mutant were analyzed for K ϩ and amino acid compositions and by 13 C NMR spectroscopy. K ϩ levels were high in both the wild type and the mutant grown in tryptic soy broth or defined medium and did not change appreciably in cells grown in the presence of 2.5 M NaCl. Proline was the major amino acid accumulated in both the wild type and the mutant grown in tryptic soy broth containing 2.5 M NaCl. 13 C NMR spectroscopy revealed a high concentration of glycine betaine accumulated from the medium in both strains grown in tryptic soy broth in the presence of 2.5 M NaCl. There were no obvious differences in the pool amino acid compositions and 13 C NMR spectra of the wild type and the mutant grown in defined medium containing 2 M NaCl. Under these conditions, glycine betaine did not appear to be present and there was no strikingly dominant organic osmolyte in either case. Thus, there were no striking differences between the pool compositions of the mutant and wild-type strains grown under NaCl stress conditions.
Protein synthesis in response to NaCl stress. S. aureus 8325 and SS20 were stressed with 2 M NaCl, and changes in protein synthesis were measured by labeling with L-[
35 S]methionine and two-dimensional electrophoresis ( Fig. 6 and 7 and Table  1 ). Stressing of strain 8325 with 2 M NaCl resulted in increased synthesis of 10 proteins, numbered 1 to 10 ( Fig. 6b) , with apparent masses of 58.8, 37.5, 34.6, 33.8, 32.8, 27.2, 26.3, 18.0, 15.1, and 14.5 kDa. These 10 proteins plus 2 more, numbered 11 and 12, with apparent masses of 24.5 and 22.4 kDa, respectively, were produced when the cells were stressed with 2 M NaCl in the presence of glycine betaine (Fig. 6c) . The presence of glycine betaine during NaCl stress appeared to decrease the production of protein 2. When strain SS20 was NaCl stressed, the same 10 proteins (1 to 10) were produced in increased amounts, plus two others, proteins 16 and 17, of 100 and 27.5 kDa, respectively (Fig. 7b) , which were not observed in strain 8325. Proteins 11 and 12 were also produced in the mutant stressed with NaCl in the presence of glycine betaine (Fig. 7c) , as in the parent strain. The production of protein 2 was decreased by NaCl stress in the presence of glycine betaine compared to NaCl stress alone in SS20 (Fig. 7c) , as it was in 8325. In SS20, but not strain 8325, the production of two additional proteins, 5 and 9, was decreased by glycine betaine, with a particularly large decrease in protein 9 production in SS20 (Fig. 7c) . Also, the production of one of the additional stress proteins in the mutant, spot 17, was decreased by the presence of glycine betaine during NaCl stress. Proteins exhibiting decreased production in SS20 in response to NaCl stress and glycine betaine had levels of synthesis comparable to those of unstressed SS20. When the basal level of proteins in unstressed cultures of 8325 and SS20 were compared, five proteins, 1, 3, 5, 13 (32.1 kDa), and 14 (24.4 kDa), were produced in elevated amounts compared to strain 8325, whereas one protein, no. 15 (19.3 kDa), was produced in decreased amounts (Fig. 6a and  7a) . Three of the proteins, 1, 3, and 5, were NaCl stress proteins, whereas the production of proteins 13, 14, and 15 was not increased by NaCl (Fig. 6b and 7b and Table 1 ). FIG. 6 . Two-dimensional protein profile of S. aureus 8325 in response to 2 M NaCl stress. Each gel was loaded with protein corresponding to 500,000 cpm of trichloroacetic acid-insoluble protein along with 100 g of unlabeled protein.
Symbols: E, proteins exhibiting increased synthesis in response to 2 M NaCl; ᮀ, proteins exhibiting increased synthesis in response to 2 M NaCl and 1 mM glycine betaine; , proteins increased in SS20 by 2 M NaCl stress; Ç, proteins with altered levels of synthesis in unstressed 8325 compared to unstressed SS20. a, unstressed control, 5-min labeling; b, stressed with 2 M NaCl, 60-min labeling; c, stressed with 2 M NaCl in the presence of 1 mM glycine betaine, 60-min labeling.
Sensitivity of the NaCl-sensitive mutant to other stress conditions. Compared to RN450, strain SS20 showed increased sensitivity to 2.5 M KCl, 2 M sucrose, 2 M sorbitol, pH 5, and elevated temperature (46°C), as judged by some combination of the effects on lag-phase length, growth rate, or maximum culture turbidity attained (data not shown).
DISCUSSION
Several mutants with transposon Tn917-induced NaCl-sensitivity were isolated. The mutants showed a very long lag phase in defined medium containing 2.5 M NaCl. This lag was shortened dramatically by glycine betaine and choline, which is oxidized to glycine betaine (23), but not by L-proline or proline betaine. These results raised the question of whether the mutant was defective in L-proline accumulation. Uptake measurements revealed that the mutant accumulated high levels of L-[
C]proline and [
14 C]glycine betaine, similar to the parent strain, upon hyperosmotic stress with 2 M NaCl. Pool analyses showed levels of K ϩ , proline, and glycine betaine which were similar in the mutant and wild-type strains grown in the presence of a high salt concentration. These results suggest that a defect in compatible-solute accumulation is not responsible for the NaCl-sensitive phenotype of the mutant.
One question that is raised is why glycine betaine restores FIG. 7. Two-dimensional protein profile of S. aureus SS20 in response to 2 M NaCl stress. Each gel was loaded with protein corresponding to 500,000 cpm of trichloroacetic acid-insoluble protein along with 100 g of unlabeled protein.
Symbols: E, proteins whose synthesis in the wild type was increased in response to 2 M NaCl; ᮀ, proteins whose synthesis in the wild type was increased in response to 2 M NaCl and 1 mM glycine betaine; , proteins whose synthesis was increased in the mutant in response to 2 M NaCl; Ç, proteins with altered synthesis in the unstressed mutant compared to the unstressed wild type. a, unstressed control, 5-min labeling; b, stressed with 2 M NaCl, 60-min labeling; c, stressed with 2 M NaCl in the presence of 1 mM glycine betaine, 60-min labeling.
near-normal growth of the mutant under NaCl stress whereas L-proline does not. It does not appear to be a simple matter of turgor restoration, because proline is accumulated in high amounts upon osmotic stress but nevertheless does not act as an osmoprotectant in the mutant. A broadly similar observation has been made recently in an NaCl-resistant S. aureus strain (25) . In strain RN4220, proline was not an osmoprotectant in cultures in defined medium containing 10% (wt/vol) NaCl at 41°C, even though it was accumulated, but was an osmoprotectant at 37°C. Glycine betaine and choline were osmoprotectants at both temperatures. In most bacteria, glycine betaine is the most effective osmoprotectant (10, 11) . The superior activity of glycine betaine over other osmoprotectants is more pronounced in our NaCl-sensitive S. aureus mutant than in the parent strain. The mechanism of compatible-solute function is not fully understood (13) . Compatible solutes appear to be preferentially excluded from the immediate surface of proteins (2) . By minimizing entropy and reinforcing the hydrophobic effect, compatible solutes provide a general stabilizing effect, opposing unfolding and denaturation of proteins (13) . They also combat the destabilizing effects of NaCl. Interestingly, large amounts of NaCl appear to accumulate in the cytoplasm of S. aureus stressed with high NaCl concentrations (9, 28). Cayley et al. (7) have shown that glycine betaine causes a significant increase in the volume of cytoplasmic free water in osmotically stressed Escherichia coli. Perhaps whatever the defect is that makes the mutant more NaCl sensitive than the wild type can only be counteracted by glycine betaine because of its superior protective and cytoplasmic water volume-enhancing effects. In the wild type, L-proline and proline betaine have sufficient beneficial activities to promote its growth under NaCl stress conditions. In Salmonella typhimurium, mutants that were not protected by glycine betaine could still use proline as an osmoprotectant in high-osmolarity media (15) . Glycine betaine has been shown to have a variety of beneficial physiological effects on osmotically stressed cells. The colony-forming ability of E. coli was lost upon exposure to 0.8 M NaCl, although the organisms were not dead, but could be rescued by glycine betaine (35) .
The inhibitory effects of osmotic stress on DNA replication and cell division are reversed by glycine betaine in osmotically stressed E. coli (27) . In S. aureus, glycine betaine corrects the increased cell size-pseudomulticellularity and shortened glycine interpeptide bridge of cells grown in defined medium containing a high NaCl concentration (43) . The NaCl-sensitive mutant showed an exaggerated version of the morphological abnormalities caused by a high NaCl concentration, which were reversed by glycine betaine but not by L-proline. Possible reasons for the abnormal cell morphology and the role of glycine betaine in their reversal have been discussed by Vijaranakul et al. (43) .
Protein production in response to NaCl stress has only been studied to a limited extent in S. aureus (3, 33) . In the present study, 10 NaCl stress proteins were identified. The simultaneous presence of glycine betaine and NaCl stress revealed two additional proteins whose synthesis was apparently dependent on the presence of glycine betaine and down regulation of the synthesis of one protein by glycine betaine. Previous studies of S. aureus NaCl stress proteins have been conducted with cells growing in complex media which would thus be expected to modulate the NaCl stress response because of the presence of glycine betaine in complex media.
Several striking observations can be made in comparing the protein profiles of the NaCl-sensitive mutant with the control. First, the mutant produced several proteins at higher levels than the wild type under unstressed conditions and one protein at significantly reduced levels. Two additional NaCl stress proteins were observed in SS20. Under NaCl stress conditions, glycine betaine had more modulating activity than in the parent, apparently turning down the synthesis of four of the NaCl stress proteins. Overall, the impression is that the mutant has a tendency to overproduce several stress proteins and that glycine betaine may modulate this response.
Mutations in different bacteria conferring sensitivity to hyperosmotic stress have been reviewed by Csonka (10) . In some cases, the mutations appear to affect compatible-solute accumulation, whereas in others, other cellular processes appear to be affected. Overall, this is not a well-understood area.
To determine the molecular nature of the observed NaCl sensitivity, we recently cloned and sequenced the regions flanking the Tn917 insertion in the NaCl-sensitive S. aureus chromosome. Our preliminary sequence analysis revealed significant homology between the mutated gene and branched-chain amino acid carrier proteins of other bacteria (40) . We are also investigating the mechanism by which an apparent mutation in a branched-chain amino acid carrier protein results in NaCl sensitivity. A detailed analysis of the mutated gene may provide important information regarding cellular targets affected by physical or chemical stresses in injured bacteria and the ensuing physiological consequences.
